Intraclonal genome diversity of Pseudomonas aeruginosa was studied in one of the most diverse mosaic regions of the P. aeruginosa chromosome. The ca. 110-kb large hypervariable region located near the lipH gene in two members of the predominant P. aeruginosa clone C, strain C and strain SG17M, was sequenced. In both strains the region consists of an individual strain-specific gene island of 111 (strain C) or 106 (SG17M) open reading frames (ORFs) and of a 7-kb stretch of clone C-specific sequence of 9 ORFs. The gene islands are integrated into conserved tRNA
Genetic variability within bacterial species can be the result of nucleotide substitutions, intragenomic reshuffling, and acquisition of DNA sequences from another organism (3) . The considerable impact of the last strategy, termed horizontal gene transfer, on microbial evolution and its integral role in the diversification and speciation of the bacteria has become apparent from recent analyses based on the growing pool of genomic sequence information (7, 18, 23, 28) . Prominent examples are the pathogenicity islands of many obligatory pathogens (14) . These chromosomally encoded regions typically contain large clusters of virulence genes not present in closely related nonpathogenic strains and can, upon integration, transform a benign organism into a pathogen. Whereas the molecular mechanism of chromosomal integration has been resolved for some conjugative transposons and bacteriophages and details about the transmissibility of conjugative plasmids are well known, the evolution and mobility of gene islands remain obscure (14) . Often these DNA blocks are integrated adjacent to or within tRNA genes, and some contain a phage-related integrase gene near one end, suggesting that gene islands may have been generated by a phage or by a plasmid with integrative functions (14, 42) . Nevertheless, the comparative sequence analysis of gene islands so far have not pointed to any common genetic repertoire that confers transmission and acquisition.
The gram-negative bacterium Pseudomonas aeruginosa is ubiquitously distributed in aquatic and soil habitats, and it is an opportunistic pathogen for plants, animals, and humans (38) . No correlation between certain P. aeruginosa clones and disease habitats or environmental niches could be detected (1, 9) . Although the genome sequence of the reference strain PAO1 provides insights into the versatility and intrinsic drug resistance of P. aeruginosa (48) , the genetic origin of the broad range of metabolic capacities and the evolutionary history of chromosome organization have not been determined in sufficient depth for this phenotypically and genetically diverse species. Our previous analyses have shown that the P. aeruginosa chromosome possesses three regions with pronounced genomic variability (15, 33) . These three so-called hypervariable regions close to the pilA, phnAB, and lipH loci could even be found at the intraclonal level (35) . Comparative genome mapping was used to unambiguously identify the chromosomal difference regions of the two related strains C and SG17M, both belonging to the predominant P. aeruginosa clone C but recovered from different habitats (40) .
In order to resolve the chromosomal structure and the genetic makeup of one of the hypervariable areas of the P. aeruginosa genome, we determined the sequence of the region located near the lipH gene for strains C and SG17M. The annotation revealed that the hypervariable region resembles a mosaic of species-, clone-, and strain-specific DNA segments in both strains. The two identified strain-specific gene islands have been integrated into tRNA
Gly genes and probably originated from mobile circular elements. They are composed of strain-specific open reading frames (ORFs) encoding metabolic functions, of phage-and plasmid-like genes, and of a set corresponding libraries were both screened with the lipH gene probe and a PAO1-derived linking clone covering the SpeI junction SpV-SpAK in strain PAO1, SpV-SpX in strain C, and SpAFЈ-SpX in SG17M (35, 41) . To obtain cosmids covering the strain-specific inserts, both libraries were screened with selected subtraction clones (40) . The DNA of each cosmid clone identified in this screen was prepared, and probes specific for the whole insert or only for the ends were generated. These probes derived from the insert ends were used for further hybridization experiments in order to identify overlapping cosmids. All cosmids identified in the walk were individually controlled by hybridization to Southern blots of SpeI digests of PAO1, C, and SG17M chromosomal DNAs to verify their genomic localization and to exclude chimeric cosmids or false-positive signals associated with repeated regions. Comparison of the EcoRI and HindIII restriction fragment patterns and hybridization with the aforementioned probes were used to order the cosmids and to establish the minimal tilting path for the strain-specific regions. Altogether, 27 pKSCC and 34 pKSCS cosmids were identified for P. aeruginosa C and SG17M, respectively, located within the region of interest from the lipH gene to the SpeI junction SpV-SpX in strain C or SpAFЈ-SpX in strain SG17M. In strain SG17M the following cosmids were selected for sequence analysis: pKSCS 572, 052, 149, 427, 795, and 282. A remaining gap of about 9 kb between pKSCS 572 and 052 was closed by long-range PCR using the Proofsprinter kit (Hybaid). For strain C it was necessary to use an alternative strategy because extensive cross-hybridization prevented the generation of an unequivocal cosmid contig. In order to obtain unique tags, BamHI, HindIII, and EcoRI sublibraries of the pulsed-field gel electrophoresis gel-eluted SpeI fragment SpV were generated. In parallel, the restriction map of the SpV fragment was constructed for the same enzymes by Smith-Birnstiel mapping (16) . Thus, the subcloned fragments could be mapped. Subclones carrying unique sequence located within the gap were used as probes for further colony hybridization. More than 3,000 additional pKSCC cosmids had to be screened to gain a contiguous order of cosmids, of which the following five cosmids were selected for sequencing: pKSCC 323, 022, 1064, 1065, and 273.
Sequencing. To determine the DNA sequence of the entire cosmid inserts, separate plasmid libraries were constructed for each cosmid. DNA from each cosmid was sheared by hydrodynamic cleavage (29) , size fractionated, and subcloned into the SmaI site of pTZ19R-⌬bla-cat. DNA sequencing of the resulting plasmid libraries was performed on a LICOR 4200 sequencer (MWG Biotech) or on an ABI 377 sequencer (Applied Biosystems). For each cosmid, the individual reads were assembled into contigs by using the base-caller program Phred (8) and the Staden package (46) with the Phrap algorithm integrated (12) . Sequencing gaps were closed by primer walking, while combinatorial PCR was used to span physical gaps. The sequence of the 9.8-kb long-range PCR product was determined by primer walking. Finally, the sequences of the individual cosmids and the PCR product were assembled into one contig for each P. aeruginosa strain.
Annotation. Putative ORFs were identified by using GeneMark.HMM and GeneMark (6, 26) . Public databases were searched for similar sequences with the BlastN, BlastX, and BlastP algorithms (2) . Predicted ORFs were reviewed individually for start codon assignment based on additional contextual information such as the proximity of ribosome binding sequence motifs. tRNA genes were identified by the program tRNA-scan-SE (25) . Pairwise sequence comparisons and multiple alignments were generated using Clustal W (50) . Long-range restriction maps were constructed with the in-house program MasterMap (51) . Codon usage patterns were analyzed using the in-house programs and the program CodonW (written by John Peden and available at ftp://molbiol.ox.ac.uk/cu). The relative synonymous codon usage (RSCU) was determined for each gene; the RSCU is the observed frequency of a particular codon divided by its expected frequency under the assumption of equal usage of the synonymous codons for an amino acid (43) . The genomic codon index (GCI) (21) is a quantitative measure for the synonymous codon bias of a particular gene compared to the average codon usage in the genome. It is defined as the geometric mean of the RSCU values corresponding to each of the codons used in that gene, divided by the maximum possible GCI for a gene of the same amino acid composition:
where RSCU k is the RSCU value for the kth codon in the gene, RSCU kgenome is the maximal genomic RSCU value for the amino acid encoded by the kth codon in the gene, and L is the number of codons in the gene. The GCI was defined in analogy to the codon adaptation index (43) . For comparison with the P. aeruginosa PAO1 genome sequence, the information at http://www.pseudomonas.com was used (48) . Preliminary sequence data were obtained from the Department of Energy Joint Genome Institute at http: //www.jgi.doe.gov/tempweb/JGI_microbial/html/index.html.
Nucleotide sequence accession numbers. The nucleotide sequences reported in this paper have been deposited in the GenBank database (accession no. AF440523 for P. aeruginosa C and AF440524 for SG17M).
RESULTS AND DISCUSSION
A mosaic of species-, clone-, and strain-specific DNA makes up one of the most diverse regions of the P. aeruginosa chromosome. Among the three hypervariable regions in the P. aeruginosa clone C genome (35, 41) , the most diverse region near the lipH gene was selected for comparative sequencing of the two P. aeruginosa strains C and SG17M. Both strains belong to clone C, but they were recovered from different habitats. An ordered cosmid contig covering this hypervariable region was constructed for each strain. A contiguous set of cosmids was selected for each strain and sequenced by a shotgun approach. The final contig was 158,230 bp in size for strain C and 128,136 bp for strain SG17M. Sequence comparison revealed that each strain contains an individual large, novel gene cluster flanked by species-specific DNA known from the P. aeruginosa PAO1 genome sequencing project (48) . Both insertions are composed of a minor portion of 6,872 bp of DNA, identical in both clone C strains, and a major portion of strain-specific DNA sequence [104,955 bp for strain C, designated PAGI-2(C), and 103,304 bp for SG17M, designated PAGI-3(SG)] (Table 1) . (PAGI stands for P. aeruginosa genomic island, in accordance with the nomenclature introduced by Liang et al. [24] ). Instead of the 6,872-bp clone C-specific DNA, the genome of P. aeruginosa PAO1 carries a 2,001-bp individual sequence from bp 3173531 to 3171531 at this chromosomal position (Fig. 2) . The alignment of the strain C and PAO1 sequences revealed that the analyzed portion of 46.4-kb species-specific DNA shows a very high degree of conservation characterized by identical gene order and a very low nucleotide substitution rate of 0.39%, in agreement with published data of 0.3% sequence diversity in housekeeping genes of P. aeruginosa (20) . In total, 184 nucleotide substitutions without any frameshifts or nonsense mutations were identified in this 46.4 kb of DNA. Fewer than 20% of these are nonsynonymous substitutions, resulting in a protein with an altered amino acid composition. Furthermore, no nucleotide alterations could be detected between strains C and SG17M in the analyzed portion of 24.8 kb of shared DNA sequence.
Strain-specific gene islands integrated into tRNA
Gly genes. Comparison of the P. aeruginosa C, SG17M, and PAO1 sequences showed that the two large strain-specific gene islands are inserted into one tRNA Gly gene within a cluster comprising one tRNA Glu gene followed by two identical tRNA Gly genes (Fig. 1) . Within the PAO sequence these tRNA genes are located from bp 3173912 to 3173599. In strain SG17M, the first tRNA Gly gene was used for integration of PAGI-3(SG), whereas in strain C, the PAGI-2(C) DNA was incorporated into the second tRNA Gly gene. Upon integration, the entire tRNA Gly gene was reconstructed at the left end of the gene island, designated attL, whereas in strain C the terminal 16 nucleotides and in strain SG17M the terminal 24 nucleotides of the 3Ј end of the tRNA Gly gene were present as direct repeat at the right end, designated attR (Fig. 1) . Alignment of the attachment sites attL and attR showed a high degree of sequence homology at both junctions (data not shown). The attL sites of both integrated gene islands and the attB2 chromosomal target sites following the second tRNA Gly gene share similar AT-rich inverted repeat sequences. Interestingly, similar genomic structures were found by analyzing the chromosomal insertions of the 105-kb clc element in Pseudomonas putida (30, 31) and of a 67-kb gene island in the plant pathogen Xylella fastidiosa (reference 44 and this study). In both cases, the complete tRNA Gly gene was reconstructed at the left border, whereas the 18-bp 3Ј end of the tRNA Gly gene was repeated at the right border of the integrated element (Fig. 1) . All four gene islands possess similarly structured attachment sites and surrounding sequences including the conserved inverted repeats (Fig. 1) . Only the length of attR varies between the different gene islands (Fig. 1) . At the left junction the four gene islands share not only the attL sites but also a highly homologous intergenic spacer (228 bp in strain C, 225 bp in strain SG17M, 226 bp in the P. putida clc element, and 226 bp in X. fastidiosa) and the first ORF, encoding very similar sitespecific integrases of the bacteriophage P4 integrase subfamily (the sequence alignment is at our website, http://www.mh-hannover.de/kliniken/kinderheilkunde/kfg/index.htm). The three highly related integrases of strain C, P. putida, and X. fastidiosa are of considerably higher molecular weight than the typical phage P4-related integrases and possess an unusual C terminus showing homology to a putative transposase of Pseudomonas sp. strain B4 (accession no. emb/CAB93963).
The integrase int-B13 of P. putida has been shown to be responsible for site-specific integrative recombination between the clc element's attachment site (attP) and chromosomal attachment (attB) genes (30, 31, 45) . The 105-kb self-transmissible clc element, encoding the degradation of 3-chlorobenzoate, is capable of integrating site and sequence specifically into Ϫ7 per recipient cell (27) . Despite these low frequencies, transfer of the clc element to endogeneous bacteria seems to readily occur in complex microbial communities, such as sludges from soil or wastewater treatment plants (49, 53) . When the clc-carrying P. putida strain BN210 was inoculated into a bacterial population in 3-chlorobenzoate-contaminated wastewater, the clc element was taken up by P. aeruginosa strains or by strains belonging to the genus Ralstonia or related ␤-proteobacteria such as Comamonas (45) . Although PAGI-2(C) and PAGI-3(SG) have been stably kept by strains C and SG17M in vitro and in the lungs of the affected CF patient for more than 17 years now with no evidence for loss of the island, these data on the clc element suggest that PAGI-2(C) and PAGI-3(SG) could potentially be mobilized and transferred to other strains, even across species barriers. Hence, gene islands of this type may be widely distributed in terms of species, geographical region, and habitat. This hypothesis is supported by the fact that a copy of PAGI-2(C) with 99.972% nucleotide sequence identity was identified in the Ralstonia metallidurans CH34 chromosome (preliminary sequence data were obtained at http://www.jgi-.doe.gov/tempweb/JGI_microbial/html/index.html). P. aeruginosa strain C was isolated in 1986 from a patient in northern Germany, whereas the sequenced R. metallidurans strain was isolated 1976 from the sludge of a zinc decantation tank in Belgium that was polluted with high concentrations of several heavy metals.
FIG. 1.
Organization of the boundaries of the gene islands. The structure of the genomic region around a cluster of three tRNA genes is shown for P. aeruginosa strains PAO1, C, and SG17M. In P. putida F1 (structure adapted from references 30 and 31) and X. fastidiosa (sequence taken from reference 44), the gene islands integrated into a single tRNA Gly gene. Map positions in the genome sequence are indicated for P. aeruginosa PAO1 and X. fastidiosa. Large inverted repeats (IRs) are shown as loop structures. Numbers above the maps indicate the lengths (in base pairs) of the corresponding sequences. The 84-bp spacer s1 separating the two tRNA Gly genes differs by only two nucleotide substitutions between P. aeruginosa PAO1 and the two clone C strains. The localization of attachment sites attB, attL, and attR (see text for explanation) is indicated. All sequences flanking inverted repeats were named (s2, s2c, and s2c‫,ء‬ etc.) and aligned to visualize the high degree of homology among the different gene islands and strains. Additionally, the sequences of the depicted tRNA
Gly genes, highlighted in black, are shown for the three species.
Sequence analysis and annotation of PAGI-2(C) and PAGI-3(SG).
The organization of predicted ORFs within the hypervariable region is displayed in Fig. 2 . The GϩC content and the proportion of coding sequence of PAGI-2(C) are closer to those of the PAO genome than are those of PAGI-3(SG) ( Table 1 ). The mean GCI is significantly lower in PAGI-2(C) and PAGI-3(SG) than in the P. aeruginosa PAO1 genome, indicating that in these islands codon usage is different from that of a typical P. aeruginosa gene. The 6,872-bp region of clone C-specific DNA, however, exhibits a GϩC content and GCI values characteristic of P. aeruginosa.
The annotation revealed 111 ORFs in PAGI-2(C) ( Table 2 ) and 106 ORFs in PAGI-3(SG) ( Table 3) . Tables 2 and 3 show for each ORF its coordinates within the gene island, direction of transcription, size of the gene product, GϩC content, and GCI value. Furthermore, the accession number and the name of the homolog that was chosen to assign the function of the gene product are given, together with the corresponding E FIG. 2. Gene maps of the P. aeruginosa strain PAO1, C, and SG17M hypervariable genome regions. Predicted coding regions are shown by arrows indicating the direction of transcription. The tRNA genes and attachment sites are depicted by rectangles. Vertical lines and their connections represent the borders of the gene islands and their sites of integration in comparison to the PAO1 genome. Genes are color coded according to their functional category (adapted from http://www.pseudomonas.com). All genes carry identification numbers (C1 to C111 and SG1 to SG105 in the two strain-specific gene islands and C112 to C120 in the clone C specific region [highlighted in pink]), but some have been omitted because of space limitations. In cases of a high degree of homology to already-characterized proteins, three-letter designations are provided for individual genes. ORFs with mutual homologs in both gene islands are shown with a light-blue background. Additionally, ORFs with equivalents in the detected gene island of X. fastidiosa are marked with blue boxes and the corresponding gene identification numbers of the sequencing project (44) . IS elements and transposons are shaded in gray.
VOL. 184, 2002
P. AERUGINOSA C GENE ISLAND 6669 value from the Blast search. More than 60% of the genes are either conserved hypothetical genes of unknown function or genes with no apparent homology to any reported sequences ( Fig. 2 ; Table 4 ). Interestingly, these hypothetical ORFs are clustered in the gene islands. In both strains the gene islands are partitioned into two blocks (Fig. 2) . The cluster adjacent to the attL site consists of genes that are specific for each strain. The encoded function could be attributed to most of these so-called strain-specific genes (termed cargo ORFs in Table 4 ). The other cluster predominantly contains hypothetical ORFs, of which 47 are mutual homologs in both gene islands. Of these 47 ORFs, 28 ORFs in strain C and 18 ORFs in strain SG17M have homologs in the tRNA Gly -associated island of X. fastidiosa mentioned above (Table 4 ; Fig. 2 ). The putative function could be recognized for a few homologs (Tables 2 to 4 . Additionally, a few conserved hypothetical genes show strong homology to already identified plasmid (C71 and SG81, C74 and SG83, C78, and C80 and SG86) or phage (C109 and SG104) genes.
The cargo ORFs, of which 51 each were found in PAGI-2(C) and PAGI-3(SG), build up the individual part of the gene island. Of these 102 ORFs, the closest homolog identified from BLAST searches was frequently found in other P. aeruginosa strains [12 in PAGI-2(C) and 10 in PAGI-3(SG)]; in other type I pseudomonads, such as P. fluorescens, P. syringae, P. putida, or P. stutzeri [3 in PAGI-2(C) and 6 in PAGI-3(SG)]; or in "honorary" pseudomonads that had been removed from the Pseudomonas genus after introduction of the ribosomal DNAbased phylogeny [3 in PAGI-2(C) and 1 in PAGI-3(SG)]. Hence, a substantial portion of the genes have homologs in other pseudomonads. The cargo genes endow the strains with some extra metabolic features and transport and resistance capacities (Tables 2  and 3 ). PAGI-3(SG) of the environmental isolate SG17M is a metabolic island of complex architecture that encodes a broad variety of enzymes, the majority of which are encoded by single genes. The strain-specific portion of PAGI-3(SG) contains genes related to the metabolism and transport of amino acids (SG15, SG17, SG18, and SG28), coenzymes (SG22 to SG24), and porphyrins (SG2), and other putative enzymes (SG10, SG14, SG16,. SG19, SG20, SG21, SG27, SG29, SG30, and SG42). Various small transposable elements such as insertion sequences (ISs) are integrated into this part of the gene island, sometimes disrupting the encoded genes (e.g., ORFs SG5 and SG8 in Table 3 ). Future functional studies will determine to what extent this set of enzymes strengthens the metabolic versatility of strain SG17M.
The cargo genes of PAGI-2(C) encode proteins for the complexation and transport of heavy metal ions. Gene clusters encoding all nine essential proteins for the cytochrome c biogenesis system I (C11 to C18) and related thiol-disulfide exchange proteins (C8 to C10) could be identified. Additionally, proteins associated with the transport of cations (C22 and C97), a two-component regulatory system (C19 and C20), several transcriptional regulators (C30, C35, and C98), a transposon conferring mercuric resistance (C84 to C88), and several other transporters are located on PAGI-2(C). Strain C is a disease isolate from the airways of a patient with CF. The expression of the genes for cytochrome c biogenesis encoded by PAGI-2(C) could facilitate iron uptake and inactivation of peroxides (10) and thus may confer an advantage for the bac- teria to persist in the CF lung, where they are exposed to iron limitation and oxidative stress (13, 32) . However, it is not obvious why the presence of a copper homeostasis protein (C21) or a mercuric resistance operon (C84 to C88) could be of advantage for survival in the CF host. These genes should be highly relevant in an environment with high concentration of heavy metal ions. A copy of PAGI-2(C) was identified in the unfinished sequence of the R. metallidurans CH34 genome. The R. metallidurans island is also integrated into a tRNA Gly gene and differs from PAGI-2(C) by only 29 nucleotide substitutions in a stretch of 105,049 bp (PAO coordinates 3173676 to 3173597) (Fig. 2) . R. metallidurans flourishes in millimolar concentrations of toxic heavy metals, and all cargo genes of PAGI-2(C) can add to the bacterial fitness against heavy metal stress.
Comparison of gene islands. Table 5 displays the distribution of GϩC contents and GCI values in PAGI-2(C), PAGI-3(SG), and the small clone C-specific segment compared to those in the PAO1 genome. Whereas the GϩC content of most noncargo genes with their many mutual homologs comes quite close to typical values of the GC-rich P. aeruginosa, the strainspecific cargo genes are less GC rich, which is more pronounced in PAGI-3(SG) than in PAGI-2(C). The plot of the GC content in Fig. 3 , with its broad range and numerous shifts, visually shows this mosaicism between cargo and noncargo genes. As indicated by their low GCI values, the codon usages of the majority of PAGI-3(SG) and PAGI-2(C) genes are significantly different from those in the PAO1 genome. The P. aeruginosa PAO1 genes are characterized by consistently high GCI values, which do not vary with the chromosomal localization of the respective gene (21) . The only exceptions are 15 islands that carry five or more consecutive genes with low GCI values (21) . Hence, we conclude that PAGI-2(C) and PAGI-3(SG), with their more than 100 genes, represent a very large island with atypical codon usage in P. aeruginosa C, where the cargo genes are more atypical in their codon usage than the noncargo genes and PAGI-3(SG) is more atypical than PAGI-2(C).
The homologous proteins in the gene islands of strain C, strain SG17M, R. metallidurans, and X. fastidiosa exhibit high levels of amino acid identity and similarity. The pairwise comparison revealed the highest values between the corresponding genes of strain C, R. metallidurans, and X. fastidiosa. The average amino acid identity between C and R. metallidurans was 100%, that between C and X. fastidiosa was 79.8%, that between C and SG17M was 64.8%, and that between SG17M and X. fastidiosa was 62.6%. In other words, the homologs of strain C are more related to those in the gene islands of phylogenetically unrelated species than to those found in a member of the same P. aeruginosa clone. This statement is corroborated by the finding that the X. fastidiosa gene island shares 28 ho- Table 4 ). The order of the homologs is conserved in PAGI-2(C) and PAGI-3(SG) for 46 of the 47 genes. The exception encodes the transcriptional regulator BphR (C4 and SG105). The gene contig, however, is disrupted several times by the insertion of strain-specific ORFs (Fig. 3) .
PAGI-2(C) and PAGI-3(SG) are not the only gene islands that are known in P. aeruginosa. We have previously described 100-kb large gene islands that were derived from episomal plasmids and reversibly recombined with either of the two tRNA Lys genes of clone C and K chromosomes (19) . The tRNA Lys -and tRNA Gly -associated gene islands share P4-type int and homologous soj genes adjacent to the recombination breakpoints, but otherwise their genetic contents are different (unpublished data). Gene islands, however, are not necessarily inserted into tRNA genes. So far, two islands that are not integrated into a tRNA gene have been identified in P. aeruginosa. The first example is the 48.9-kb PAGI-1, which has been found in 85% of tested P. aeruginosa clinical isolates from sepsis and urinary tract infections and hence has been suggested to confer virulence traits (24) . The other example is a ca. 16-kb large DNA segment in strain PAK that carries genes for the glycosylation of a-flagellin, among others (4).
PAGI-2(C) and PAGI-3(SG) have a bipartite structure: a set of strain-specific ORFs encoding metabolic functions and transporters and a set of conserved hypothetical genes and unknown genes, of which most genes are homologs with high sequence similarity. The conserved order of the homologs (many of which are also found in a tRNA Gly -associated island in X. fastidiosa), the similar global structures of PAGI-2(C) and PAGI-3(SG), and the role of the few homologs with a recognized function in DNA recombination or repair (ssb, topB, and radC) are three striking features that point to important and conserved roles of the large cassette of homologous genes. We hypothesize that besides the int and soj genes, at least some of the homologs are responsible for the mobilization, transfer, and stabilization of the island (Fig. 3) . In other words, genes of the cassette of conserved homologs should mediate lateral gene transfer, whereas the other half of the island would represent the individual cargo that endows the recipient with strain-specific metabolic properties. The forthcoming genome projects will resolve whether or not this peculiar type of gene island with its mosaic structure of individual cargo and of conserved homologs is obligatorily associated with tRNA
Gly genes. These potentially transmissible islands seem to be rather common among metabolically versatile proteobacteria that initially had been classified as pseudomonads by physiology-oriented taxonomists. We have preliminary evidence from ongoing Southern and in silico analyses that homologs of PAGI-2 or PAGI-3 or conserved ORFs thereof exist not only in R. metallidurans CH34 and X. fastidiosa but also in other P. aeruginosa strains, type I pseudomonads, and Burkholderia spp. Tables 2 and 3 for the corresponding gene identification numbers). Additionally, a 500-bp sliding window plot of GϩC content is displayed for each gene island.
